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Annealing of Implanted Layers in (1100) and (1120) Oriented SiC

MasatakaSatoh*
ResearchCenter oflon BeamTechnology, Hosei Universty,

Koganei, Tolyo 184-8584, Japan
Phone; +81-42-387-6091, Fax: +81-42-387-6095, E-mail: mah@ionbeam.hosei.ac.jp

The ion implantation is of importance for the doping of impurities to SiC mthe fabncation

of the heavily dopedregion such as source and drain in field-effect-transistor. However, the

high-dose ion implantation to (OOO1)-oriented SiC accompaniedby the amorphization leads

to a regrowih inducing 3C-SiC crystals during the post-implantation annealing, as shownin

Fig, I .

Therefore, the ion implantation to (OOOl)-oriented SiC has been performed at the

elevated sample temperature or at the low dose, which would restrict the device process of
SiC.

For the (OOO1)-oriented SiC, the regrowih of 3C-SiC from the implantation-induced

amorphouslayer is attributed to the lack of the atomic stacking sequenceat the amorphous-
crystalline substrate (a/c) interface. For the (1100)- and (1 1~0)-oriented SiC, however, the

atomic stacking sequenceof the polyiype structure is preserved at the a/c interface even ifthe

amorphouslayer is formed by the high-dose implantation. Author and co-workers reported
that the implantation-induced amorphous layers on (1~00)- and (11~0)-oriented SiC are
recrsyiallized to the original polyiype structure according to the underlying substrate during
the post-implantation annealing[1-3]. Figure 2 shows Rutherford backscattering (RBS)
spectra and the electron diffraction taken from the (1TOO)-oriented 6H-SiC implanted with
100 kev Ar ions at 2 x

1015 /cm2 at room temperature. RBSspectra reveal that the

implantation-induced amorphouslayer is recrystallized by annealing at 1000 ~C for 5min.

The electron diffraction shows the polyiype of the regrown layer is identical to that of the

underlying substrate. Also, for the (1 120)-oriented SiC, the implantation induced amorphous
layer is recrystallized to the original structure and the similar results have been obtained for

the implantation to 4H-SiC. These results suggests that the high-dose implantation to the
(1 100)- and (1 120)-oriented SiC can be carried out at roomtemperature.

The series of spectra shownin Fig. 3showthe reduction in thickness of the amorphous
layer as a function of annealing time for the (1 1~0)-oriented 6H-SiC at 750 ~C[4]. The a/c

interface on (1 1~0)-oriented 6H-SiC shifis to the surface in equal thickness interval for equal

time intervals indicating a uniform regrowih velocity. The regrowih rate at 750 'C is

estimated to be 3.5 nm/min. The reduction in thickness of the amorphouslayer can be
observed by the annealing above 700 ~C. The successive decrease of thickness of the

amorphous layer indicates that the implantation-induced amorphous layer is epitaxially

regrown by annealing above700 *C. Figure 4showsthe Arrhenious plots of the regrowih rate
for (1Too)-, (1 1~0)- and (OOOl)-oriented 6H-SiC[4,5]. In the case of (OOO1)SiC, the regrowih
rate of 3C-SiC is not uniform. The activation energy of the regrowih rate for the amorphous
layer on 6H-SiC is estimated to be 3.4 eV, which is independent to the crystal orientation.

Theobtained results for the regrowih of the amorphouslayer on (ITOO)-and (11~0)-oriented

SiC suggest that the implantation damagecan be annealed out at temperatures below 1000 'C.

[l] M. Satoh, K. Okamoto,K. Kuriyama, M. Kanaya, andN. Ohtani, Nud. Instr. MethodsB148(1999), p. 567.
[2] M. Satoh, Y. Nakaike. K. Uchimura, andK. Kuriyama, Mater. Sci. Forum338-342 (2000), p. 905.
[3] M. Satoh, Y. Nakaike, andK. Kuriyama, J. Appl. Phys. 89 (2001), p. 61.
[4] M. Satoh, Y. Nakaike, andT. Nakamura.J. Appl. Phys. 89 (2001), p. 1986
[51 T. Nakamura,S. Matsumoto,andM. Satoh, Abstract ofthe 13th ICCG(Aug.20on, Kyoto, Japan), p. 217.
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Codopingof 4H-SiCwith N- and P-Donorsby lon Implantation

M. Laube, G. Pensl

Institute of Applied Physics, University ofErlangen-Nurnberg, Staudtstrasse 7,

D-91058Erlangen, Germany,phone:+499131852 8426, fax: +499131852 8423,
e-mail: gerhard. pensl@physik.uni-erlangen, de

In order to reduce the series resistance in SiC-based power devices, highly doped areas are
required. In the case of n-type SiC, usually nitrogen (N) atoms residing at carbon lattice sites

[1] are employedas the dominating donor. For Nconcentrations [NJ greater than 2xlO cm~319

the incorporated N atoms start to form partially electrically inactive centers
(probabl~

precipitates) and, in addition, such SiC wafers showa high internal tension and becomeeasily

brittle.

Onepossible wayto increase the conductivity in n-type SiC and to simultaneously avoid the

drawbacksof high Nconcentrations - as described above -
is the codoping of SiC by nitrogen

and phosphorus (P). Patoms also act as donors residing, however, at Si lattice sites [2]. They
have an ionization energy which is close to the ionization energy ofN donors [3, 4].

In this paper, wesuccessfully demonstrate codoping by implantation ofN and P. Identical box
profiles of Nand P to a depth of I .3 umare generated by multiple implantation. Wehave
implanted two sets of p-type 4H-SiC epilayers (NAI-N.~~p = 4xl016 cm~3) with different mean
donor concentrations:

Implantation I : [N] = [P] = Ixl018 cm~3 / Implantation 2 : [N] = [P] = 2xl019 cm~3

Each set consists of sample a), sample b) and sample c) implanted with N, Pand (N+p),
respectively. All the samples have been annealed in a SiC container at 1700'C for 30 min
resulting in a complete electrical activation of implanted ions. The parameters of implanted
donors have been determined by Hall effect investigations in van der Pauwarrangement. In

order to avoid leakage currents over the implanted n-p junction, mesastructures have been
fabricated by reactive ion etchting. Results of the Hall effect analysis are surnmarized in Table

I and partially revealed in Figs. I and 2; the main features are:

1.
The total implanted concentration [N+p] is electrically active.

2. Implantation I and 2(samples c)) result in low resistivities of0.05 ~cmand 0.014 ~cm,
respectively, at 300K.

3.

At identical implanted concentration, the Hall mobility in P-implanted layers is higher than
in N-implanted layers in the temperature range from 80Kto 400K(not shownhere).

Hot N/P-coimplanted samples at total meanconcentrations of [N+p] > I020 cm~3are in pro-
cess, the corresponding Hall effect results will be comparedwith those, which are taken on
layers only implanted with Nat identical concentrations.

References
[1] H. H. Woodbury,G. W.Ludwig, Phys. Rev. 124 (1961), p. 1083.
[2] S. Greulich-Weber. M. Feege, J. M. Spaeth. E, N. Kalabukhova, S. N. Lukin,

E. N. Mokhov, Solid State Commun.93 (1995), p. 393.
[3] T. Troffer, C. Peppermuller. G. Pensl, A. Schoner, J. Appl. Phys. 80 (1996), p. 3739.
[4] M. A. Capano. J. A. Cooper, Jr., M. R. Melloch, A. Saxler, W. C. Mitchel, Mater. Sci.

Forum338-342 (2000), p. 703.
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Table I.

Donorparameters determined by fit of the neutrality equation to the measuredHall effect data
taken on (N+p)-coimplanted samples c). AE(h), AE(k) denote the ionization energy of donors
residing at hexagonal (h) or cubic (k) Iattice site. ND(h/k) denotes the total donor
concentration. panduH,e are the room-temperature (RT) values of resistivity and electron Hall
mobility, respectively.

Hall effect

arameter

Implantation 1
sam le c)

Implantation 2
sam le c)

AE(h) (meV) 59
26

AE(k) (meV) 103

ND(h/k) (cm~3) 1.9 x 10 18 4.3 x 1019

pat RT (~cm) 0.05 0.014

uH,e at RT (cm2/Vs) 170 42
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PhosphorusImplantation into 4H-SiC (OOO1)and (1120)
Y. Negoro, N. Miyamoto, T. Kimoto, and H. Mat,sunami
Department of Electronic Science and Engineering, Kyoto University,

Yoshidahonmachi, Sakyo, Kyoto 606-8501, Japan
Tel: +81-75-753-5341, Fax: +81-75-753-5342, e-mail: negoro@matsunami.kuee .kyoto-u. ac .
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To form selective n+ regions in SiC, phosphorus ion (P+) andnitrogen ion (N+) implan-
tation are commonlyemployed. Recently P+ implantation, instead of N+ implantation,

has attracted increasing attention to obtain lower sheet resistances. P+ implantation at

an elevated temperature followed by annealing at a high temperature above 1600 'C is

effective to reduce sheet resistances [1, 2]
.

However, a recent report has shownthat when
activation annealing is performed at a high temperature in Ar, considerable roughening
and macrostep formation is observed [3]

.
To establish a similar process in Si technology,

the major challenges include successful implantation at RT, the reduction of annealing

temperature, and keeping surface flatness during annealing processes. In this work, the

authors demonstrate that SiC (1120) maybe a solution to meet these requirements.

P-type 4H-SiC (OOO1)and (1 120) epilayers with an acceptor concentration of 1-5 x 1016

cm~3grown in the authors' group were used in this study. Multiple implantation of P+
was carried out to obtain a 0.25 /Im-deep box proflle of P (10-180 keV, total dose:

4xl015 cm ) or a O45 ~amdeep box profile of P (10-360 keV total dose: Ixl016
cm~2). The implantation temperature was RTor 800 'C. Post-implantation annealing

wasperformed at lIOO-1700 'C for 30 min in Ar ambience. Theelectrical properties of

implanted regions were characterized by Hall effect measurementsusing the van der Pauw
conflguration at RT. The implantation-induced damagewasanalyzed by RBSchanneling

measurementswith a 2.0 MeVHe2+primary beam.
Figure I (a) shows the aligned spectra of as-implanted and 1700 'C-annealed 4H-

SiC (OOO1)samples. The aligned yields of the damagedregion (channel number: 230-
280) are close to the randomyields in the case of RT-implantation without annealing.

Although the yields decrease by annealing at 1700 'C, severe damagesnear the surface
still remain. In contrast, the damageis considerably decreased for a 800 'C-implanted
and 1700 'C-annealed sample. Figure I (b) shows the aligned spectra of 4H-SiC (11~0)

samples implanted at RTfollowed by annealing at 1700 'C. The figure demonstrates that

implantation-induced damagesare reduced downto the virgin (unimplanted) Ievel even
with RT-implantation followed by annealing at 1700 'C. This indicates that signiflcantly

better lattice recovery is realized in 4H-SiC (1120) than (OOO1), owing to a muchfaster

recrystallization rate along the (1120) direction [4]. Thus, 4H-SiC (1120) maypossess
muchpotential to reduce implantation and annealing temperature.

Figure 2showsan AFMimage of RT-implanted and 1300 'C-annealed 4H-SiC (1120)

sample. Thesurface exhibits a smoothsurface as observed even by an AFM.Thesurface

wasmirror-like, and the value of root-mean-square (Rms) surface roughness was as low

as 1.5 nm(10xlO /Im2).
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Figure 3showsthe measuredsheet resistance of P+_implanted regions as a function of

annealing temperature. In the case of 800 'C-implantation into 4H-SiC (1120), the sheet

resistance takes a minimumvalue of 27 ~/[] at an annealing temperature of 1700 'C.

This is the lowest value ever reported. RT-implantation into (1120) resulted in signifi-

cantly lower sheet resistances comparedto RT-implantation into (OOO1). A reasonable

sheet resistance of 460 ~/C] wasobtained even by RT-implantation followed by 1300 'C-

annealing, when(1120) wasemployed. This maybring considerable improvement in SiC
device processing technology as well as device performance.

[1] M. A. Capanoet al., J. Electron. Mat., 29, 210 (2000).

[2] S. Imai et al., Mat. Sci. Forum, 338-342, 861 (2000).
[3] M. A. Capanoet al., J. Electron. Mat., 28, 214 (1999).
[4] M. Satoh et al., Mat. Sci. Forum, 338-342, 905 (2000).
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Annealing process at extremely high temperature (>1500'C) for the activation of the

ion-implanted dopants in SiC causes someserious problems, e.g. the evaporation of the

surface atoms and the redistribution of the ion-implanted dopants. Therefore it has been

expected that a newannealing process at low temperature below 1000'C will be developed.

Excimer laser annealing will be a very hopeful technique to activate the ion-implanted

dopants in SiC at low temperature. Although several groups[l],[2] reported the effect of the

laser annealing of the ion-implanted SiC, there was a little description of the electrical

property. Hishida et al.[3] reported the effect of the excimer laser annealing(XeCl) in Al+ and

N+implanted 6H-SiC. Howevere, in their study the activation efficiencies in both cases were

too low to apply the laser annealing to SiC device process instead of the furnace annealing.

In this study, by the improvementof the condition of the ion implantation and the excimer

laser irradiation we succeeded to achieve extremely high activation efficiecy of

phosphorus(P+) ion-implanted 4H-SiCat low temperature as -800'C.

In this study we used 4H-SiC(OOO1)wafer with epitaxial layer (p-type, Na~Nd-
5.0xl015/cm3, Si-face, 8' off, 5umthickness) purchased from Cree Research Inc. and cut

them into 4x4mm2for the P+ ion implantation. Tomakeabox profile lay.er weperformed the

multiple energy ion implantation in the energy range of 30-100keVwrth the total dose of

57xl015/cm2. The substrate was heated at 500'C during the ion implantation in order to

prevent the amorophization of the implanted layer. The implanted sample was irradiated by

XeCl excimer laser ( ~=308nm)in ultra high vacuumchamber(3.0xl0~7Torr). The laser

irradiation wascarried out by 4 steps as shownin Table 1. By using this "step irradiation"

methodthe photon energy is effectively provided to the ion-implanted layer without surface

evaporation. During the laser irradiation the substrate washeated from roomtemperature to

800'C to investigate the combination effect of the laser annealing and the thermal annealing.

Figure I showsthe substrate temperature dependenceof the free electron concentration

and sheet resistance of the laser annealed samples. Thoseof the furnace annealed sample at

1600'C for 5min in Ar ambient are also shown in this fiugure. Although the implanted

phosphorus was electrically activated even at room temperature, the free electron

concentration is considerably lower than that of the furnace annealed sample. The free3

electron concentration, however, abruptly increases above 500'C and reaches 2.95xl020/cm

at 800'C which corresponds to three times as muchas that of the furnace annealed sample.

At the sametemperature sheet resistance is 164.7~/[] enoughto use for the source or dorain
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Energy density [J/cm2]

shots

step 1
0.8

600

step 2
1

600

step 3
1.2

600

step 4
1.3

600

total

2400

Table I Condition of the excimer laser irradiation : the excimer laser was irradiated on the
implanted sampleby 4steps from low to high energy density.
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Figure I Substrate temperature dependenceof the free electron concentration and sheet
resistance of the laser annealed samples. Those of the furnace annealed sample are also

shownin this figure.

regron in SiC-MOSFETor MESFET.The further reduction of seet resistance will be
expected by optimizing the condition. Fromthe results of SIMSand AFMthere are no
redistribution of the dopants and no surface roughness that is observed in the furnace
annealed sample. In the presentation I will also talk about the electrical property of
pn-junction fabricated by the laser annealing.

Reference
[1]S.D.Rusell andA.D.Ramirez. Appl. Phys. Lett., 74, 3368(1999).
[2]S.Ahmed, C.J.Barbero andT.W.Sigmon,Appl. Phys. Lett., 66, 712(1997).
[3]Y.Hishida, M.Watanabe,K.Nakashimaand O.Eryu, Material Science Forum, 338-342,
873 (2000).
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Dueto the difficulty of fabricating dopedlayers in SiC by diffusion, doping of SiC by implanta-
tion has been studied extensively. To date, most research on n- and p-type implants has con-
centrated on heavily doped layers suitable for transistor source/drain regions, ohmic contacts,

etc. [1]. Herewereport onboron and aluminump-type implants in 4H- and 6H-SiCat low doses
suitable for active regions in SiC powerdevices.

For this work two main types of samples have been fabricated: (a) MOScapacitors, fabricated

on p-type SiC substrates, used to obtain depth profiles of the activated acceptor concentrations,

and (b) Hall bars, fabricated on n-type substrates, used to obtain free hole densities and hole
mobilities as a function of temperature. In addition, samples from the samewafers were ob-
tained for SIMSmeasurementsof implanted profiles and for AFMstudies of surface roughness.

Multiple-energy implants were performed on heated substrates to obtain "box" profiles with
doping densities of -1xl017 /cm3 and -O.5 umthick. Anneals at 1300-1500'C were perfonned
in an argon ambient, while anneals at 1600'C wereperformed in a silicon-overpressure ambient.

Dueto limited space, wepresent here a few selected (mostly 4H) experimental results:

e The best results for surface roughness ( nmrms) were obtained using a si-overpressure

ambient at 1600'C, independent ofthe type of implant or the SiC polyiype.

e SIMSresults showgood correlation betweenimplanted Bprofiles and simulations (Fig. 1) at

all anneal temperatures. Somedepletion ofthe boron is clearly observed at the surface.

• Excellent, uniform activation of implanted A1 is observed for anneal temperatures ~~ 1400'C
(Fig. 2). Thecalculated activation rate is -750/0 (4H-SiC). Despite this high activation rate, high

quality layers are not produced in 4Hfor anneals below 1600'C (see Fig. 4). Poor activation is

obtained at 1300'C.

• Activation of implanted boron is muchsmaller (at -10-20o/o) comparedto Al, as is well-

known. Surprisingly, however, the activation rates appear to dependon position (Fig. 3). Peaks
in the activated boron correlate with the implant peaks for each implant energy.

e Hall measurementshavebeenmadeover awide temperature range (150K - 400'C) in order to

determine free hole densities and hole mobilities in the implanted layers. Free hole density is

shownas a function ofinverse temperature in Fig. 4. Fromthese data and standard models [1], it

is possible to extract the true density of activated acceptors and the levels of compensation
(which presumably arise from un-annealed implant damage). For example, from the flt of the

model to the data in Fig. 4, within experimental accuracy, -lOOo/o of the implanted Al ions are
activated. However, about 250/0 of the doping is compensatedwith deep donors even for the

highest anneal temperature (1600'C). The level of compensation is muchhigher for anneal tem-
peratures at or below 1500'C, implying that anneal temperatures of -1600'C or higher are nec-

essary to produce near-device-quality layers,

• Hole mobilities havebeenmeasuredas a function oftemperature for both BandAl implants.
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Mobilities close to bulk values are observed at T~~ 400K. At 200 ~T~400K, hole mobilities

are considerably reduced comparedto bulk, probably due to scattering from charged compen-
sating defects. Interestingly, hole mobilities in B-implanted layers are up to 300/0 higher com-
pared to J~-implanted layers at low temperatures (-250K), suggesting that there are fewer com-
pensating defects in B-implanted layers.

In summary, device-quality, Iightly doped p-type layers can be fabricated by B- and A1-
implantation using Si-overpressure annealing at 1600'C for both 4H- and 6H-SiC. Aluminum
implants would be preferred whena knowndoping profile is required, e.g., for the p-well of a
DMOSpowerFET[2], due to the low post-implant diffusion and high activation of jil. Onthe
other hand, higher quality layers, with higher hole mobility and reduced compensation, are ob-
tained with boron implantation, which maybe preferable for other applications.
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linplants into SiC can be activated only at temperatures at which silicon also

preferentially evaporates at detectable rates andmodifies the surface region - the region

that is often being probed. Theproblem is most severe whenthe sanrples are annealed in

avacuumor in argon, but evenwhenthe sarnples are annealed in a silane over pressure

or in the presence of SiC powder, silicon evaporates at the samerate; only the silicon

deposition rate increases. Theprocess ofrecovery andevaporation go on simultaneously,

andone affects the other so the state of activation is determined by the annealing

atmosphereas well as the time and temperature. Also, the evaporation will completely

dominate the process unless severe limits are placed on the annealing times and
temperatures that canbe used. This greatly limits the range of times and temperatures
that can be studied.

Wehavedeveloped amethodthat impedesthe evaporation of silicon by using an

AlN cap that is stable up to -1600'C, doesnot react with the SiC, andcan be removed
preferentially with aKOHetch. Not only does this enable us to minimize the effects of

silicon out-diffusion, wecan also use higher temperatures for longer times which allows

the sample to moreclosely approach its equilibrium state. In this paper weexamineand

comparehowannealing 4H-SiCbox implanted to a depth of 0.3 umwith l020 cm~3Al or

co-implanted with l020 cm~3Al and l020 cm~3Cbetween1300and 1700'C affects the

electrical and optical properties ofthe material. This is doneby measuring the sheet

resistance as a function of temperature, recording the electron paramagnetic (EPR)
spectra, and examining the low temperature cathodoluminescence (CL) spectra.

The log of the sheet resistance versus annealing temperature plots in Fig. I,
show

that the implants do start to becomeelectrically activated at amealing temperatures

-1400'C. Thepercent activation in the co-implanted sample is significantly larger afier

the 1400and 1500'C anneal comparedto the Al implant. However, the resistance ofthe

co-implanted sample is higher after the 1600'C anneal than it is after the 1500'C auneal,

whereasthe resistance of the Al implanted material continues to decrease as the

annealing temperature increases, and it is nowlower than that of the co-implanted

sample.
This suggests that someof the Al dopants in the co-implanted material have

ceased to be electrically active as the material moreclosely approaches its equilibrium

configuration. Oneexplanation is that the solubility of Al in the moreCrich region is

smaller and that someofthe Al has precipitated out, possibly as Al4SiC4. Weshowthat

this explanation is consistent with dllute solution theory as A1 is less soluble in Cthan it

- 51-



is in Si due, in part, to the strong A1 - Cbonds. Thegreater degree of electrical activation
in the co-implanted sampleat the lower aunealing temperatures can be explained by a
smaller activation energy required to form aprecipitate than to occupya Si site in a solid
solution. This implies that the Al can be an electrically active dopant whenit is in an
activated complexas it movesfrom its as-implanted state towards its equilibrium
position.

That the Al atomsare "in transit" to their equilibrium positions is supported by the
observation that the AISi EPRsignal is not detected in either type of sampleeven after the
1600'C anneal. Weestimate that wewould be able to detect this signal near 2777Gif

only lo/o ofthe A1atomswere at equilibrium Si sites. Rather, abroad signal centered
near 3100Gis observed in somesanrples. Iriterestingly, the signal is detected at different
annealing temperatures for the two types of samples. It is observed in the as-implanted Al
dopedsample, as well as in the Al dopedsamplesannealed at 1300 and 1500'C. In the
co-implanted samples this signal wasdetected in the wafers annealed at 1400and
1600'C. There is virtually no anisotropy in this signal suggesting that the paramagnetic
defect centers responsible for it are not strongly bondedto the crystal lattice.

This annealing technique also enables one to obtain well defined CLspectra to
complementthe paucity of data on the 4Hpolyiype as mostofthe data in the literature is

for 6H-SiC. Examplesare the 5and 10 KeVspectra for the Al implanted sample
annealed at 1300'C shownin Fig.2. In addition to the pair ofDI peaksnear 2.9 eVand
the Dnpeaknear 3.2 eVand its phononreplicas between3.2 and 3.05 eV, there are peaks
near 3.0, 3.25 and 3.35 eV. Oneofthe manyinteresting trends weobserve is that the
height of the higher energy peak in the doublet near 2.9 eV increases with the annealing
temperature, and for the sameannealing temperature its relative height is larger in the co-
implanted samples. Becauseeach peak is thought to be associated with inequivalent
atomic sites, onecan possibly decipher what sites they are by learning what is happening
during the annealing process.

Weshould soonbe able to shedmorelight on what these processes are as wehave
recently learned howto anneal wafers at 1700'C by capping the AlN cap with an Al203
cap. Weexpect to have the electrical and optical data for samplesaunealed at this

temperature by the time of the meeting. RBSis also being doneon these samples.
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